Introduction 27
The differentiation of cell types with discrete identities from an equipotent precursor 28 population is the basis of embryonic development and tissue homeostasis in the adult. 29
Canalization of development, the tendency of tissues to produce a standard end result despite 30 developmental noise and to compensate for perturbations (Waddington, 1942) , indicates there 31 are mechanisms to ensure that specialized cell types are differentiated in reproducible 32
proportions. Current frameworks to conceptualize cell differentiation emphasize the role of 33 multistable gene regulatory networks in single cells, which establish stable gene expression 34 states that correspond to precursor and differentiated states (Enver et al., 2009; Huang et al., 35 2007) . Extracellular signals facilitate the switching from the precursor to a differentiated state 36 by modulating the attractor landscape of the single cell circuits (Huang et al., 2007; Schröter 37 et al., 2015) . In this single-cell view of cell differentiation, the specific differentiated state 38 adopted by an individual cell strongly depends on its initial conditions while in the precursor 39 state. Accordingly, reliable embryonic development and proportioning of differentiated fates 40 would require appropriately constraining these initial conditions (Briscoe, 2019) . 41
Mammalian preimplantation development is a prime example for developmental canalization. 42
The size of the three lineages trophoectoderm (TE), epiblast (Epi), and primitive endoderm 43 (PrE) is remarkably constant between mouse preimplantation embryos (Saiz et al., 2016) . To study mechanisms that control proportions of cell types in populations, we used an ESC 84 system in which cells with Epi-or PrE-like identity differentiate from an ICM-like cell state 85 that is generated via transient doxycycline-induced expression of GATA factors. We had 86 previously shown that PrE-like differentiation from this ICM-like state occurs above a 87 threshold level of GATA expression and ERK signaling (Schröter et al., 2015) (Fig. 1A) . To 88 further test how the ratio of PrE-like and Epi-like cells depends on the initial transcription 89 factor expression levels in the ICM-like state, we established new inducible GATA4-mCherry 90 transgenic ESC lines with independent integrations of the inducible transgene. We induced 91 the transgene while cells were cultured in 2i + LIF medium (Ying et al., 2008) , which 92 prevents any differentiation through the MEK inhibitor PD0325901 (PD03), and then initiated 93 differentiation by concomitantly removing doxycycline and switching to chemically defined 94 N2B27 medium lacking PD03. Varying the doxycycline induction time in a selected clonal 95 line allowed us to titrate expression levels of the inducible GATA4-mCherry protein by more 96 than 5-fold ( Supplementary Fig. 1A) , and thereby to start differentiation from a wide range of 97 NANOG-to-GATA4-mCherry expression ratios (Fig. 1B) . After 40 h of differentiation, we 98 detected both NANOG-expressing Epi-like cells and PrE-like cells expressing the 99 endogenous GATA6 protein for all GATA4-mCherry induction levels tested (Fig. 1C) . 100
Quantitative immunofluorescence (QIF) revealed that the proportions of both PrE-like 101 (GATA6+; NANOG) and Epi-like (GATA6-;NANOG+) cell populations fell within a narrow 102 range for different induction times (Fig. 1C ). The Epi-like population comprised between 103 44.3 ± 13.2% (95% confidence interval (CI), N=4 independent experiments) and 37.5 ± 7.8% 104 of cells for 1 h and 8 h of induction, respectively, while the proportion of PrE-like cells 105 increased slightly from 42.1 ± 11.6% for 1 h induction to 51.6% ± 15.0% for 2 h, and then 106 plateaued between 58.2 ± 12.4% and 56.0 ± 9.3% for 4 h and 8 h of induction, respectively 107 ( Fig. 1C ). Thus, a wide range of inducible GATA4-mCherry expression levels lead to similar 108 distributions of differentiated fates. The robust fate proportioning did not reflect pre-specified 109 fates or a limited differentiation potential of the cells, as supplementation of the medium with 110 10 ng/ml FGF4 during the differentiation phase strongly increased the proportion of PrE-like 111 cells at the expense of Epi-like cells compared to differentiation in N2B27 alone 112 ( Supplementary Fig. S1B ). We confirmed the observation of robust fate proportioning in four 113 clonal cell lines with independent integrations of the GATA4-mCherry transgene, which 114 displayed a more than 8-fold difference in GATA4-mCherry expression levels following 8 h 115 of doxycycline induction ( Supplementary Fig. S2A, B ). Despite these differences in initial 53.0 ± 7.9% for the lowest and highest expressing clone, respectively ( Supplementary Fig.  120 S2D, left). The two lines with intermediate GATA4-mCherry induction levels gave a slightly 121 higher percentage of PrE-like cells of up to 65.9 ± 11.9%. Supplementation of the medium 122 with 10 ng/ml FGF4 during the differentiation phase strongly increased the proportion of PrE-123 like cells also in this case, to a maximum of 98.8 ± 2.0% PrE-like cells in the clonal line with 124 the highest GATA4-mCherry expression levels ( Supplementary Fig. S2D , right). These 125 observations indicate that all cells have PrE-like differentiation potential upon doxycycline-126 induced GATA4-mCherry expression, and suggests that the robust proportioning of cell fates 127 is established at the population level through cell-cell communication. 128 129 inducible cell line, the differentiation of GATA6+ PrE-like cells was almost completely 136 abrogated ( Fig. 2A, B ), in contrast to previous studies in ESCs (Kang et al., 2012; Wamaitha 137 et al., 2015) , but recapitulating the Fgf4 mutant phenotype in the embryo (Feldman et al., 138 1995; Kang et al., 2012; Krawchuk et al., 2013) . The differentiation of PrE-like cells could 139 efficiently be rescued by supplementing the medium with recombinant FGF4 during the 140 differentiation phase ( Fig. 2A, B ). The number of PrE-like cells for a given GATA4-mCherry 141 induction level smoothly increased with FGF4 concentration (Fig. 2B ), suggesting that the 142 robustness of cell fate proportions in wild type cells could be mediated by regulated FGF4 143 signaling. To directly test this hypothesis, we compared differentiation outcomes in wild type 144 cells where FGF4 signaling is triggered by endogenous ligands, with that of mutant cells 145 treated with a constant exogenous dose of FGF4, upon titrating GATA4-mCherry levels by 146 varying induction time. In contrast to wild type cells, cell fate proportions in Fgf4 mutant 147 cells continuously changed with induction times, thus reflecting the changes in initial 148 conditions (Fig. 2C ). The proportion of GATA6+;NANOG-PrE-like cells for example 149 increased from 11.7 ± 3.8% following 1 h of doxycycline induction to 33.0 ± 6.9% for 2 h, 150 59.5 ± 7.6% for 4 h and 76.8 ± 6.5% for 8 h of induction in Fgf4 mutant cells differentiating 151 in the presence of 10 ng/ml FGF4, whereas in wild type cells, this fraction slightly increased 152 from 33.0 ± 10.4% for 1 h induction to 47.9 ± 3.5% for 2 h and then plateaued, reaching a 153 maximum of 51.9 ± 2.0% for 8 h induction (Fig. 2C ). Together, these results indicate that accompanying manuscript), for simplicity we focus here on inhibition of Fgf4 transcription by 172 GATA factors, and provide further evidence for this topology below. In the mouse embryo, 173 FGF ligands have a restricted signaling range (Shimokawa et al., 2011) . We therefore 174 implemented short-range communication via FGF4 in our model (methods). 175
For both the single cell as well as the coupled model, we quantified the proportion of 176 (NANOG+, GATA-) and (NANOG-, GATA+) cells when starting from a broad range of 177 initial NANOG/GATA expressions. When FGF is considered as a unidirectional input to the 178 cells, the numerical simulations demonstrated that the fraction of (NANOG-, GATA+) cells 179 was highly biased by the distribution of initial gene expressions (Fig. 2D , top and middle 180 rows). In contrast, for the same initial expression distributions, robust proportions between the 181 two cell types were obtained from a model of a cell population (N=10000), coupled by short-182 range communication on a 100×100 grid. (Fig. 2D , bottom row). Bifurcation analysis of a 183 minimal system of N=2 coupled cells with same parameters demonstrated that this system 184 indeed exhibits an IHSS solution ( Supplementary Fig. S3 ). This parallel between the 185 theoretical and experimental results thus substantiates the conceptual differences between a Fgf4 expression that has been identified in the embryo (Frankenberg et al., 2011; 204 Messerschmidt and Kemler, 2010). 205
If cell fate proportioning in wild type cells was based on regulation of Fgf4 expression by 206 GATA factors, one would expect a gradual reduction in FGF4 signaling activity with 207 increasing GATA induction levels. To directly test this prediction, we integrated a Sprouty4 208 (Spry4) transcriptional reporter construct that we have previously established as a quantitative 209 readout for long-term FGF4 signaling in ESCs (Morgani et al., 2018) in the inducible cell 210 lines. We triggered different GATA4-mCherry expression levels by varying doxycycline 211 induction time, and measured mean reporter expression levels after 24 h of differentiation in 212 N2B27 medium. At this timepoint, reporter expression is expected to reflect the integrated 213 FGF signal of the period during which cells transition from the ICM-like state to 214 differentiated identities. Consistent with our expectation, we found that higher GATA4-215 mCherry expression levels induced by longer doxycycline induction times resulted in reduced 216 mean fluorescence levels of the Spry4 reporter at the end of the experiment (Fig. 3B ). For the 217 longest induction time, reporter expression levels were reduced to 57.8 ± 5.1% compared to 218 the uninduced control ( Fig. 3 B bottom, N = 4 independent experiments). These data support 219 the idea that FGF4 signaling levels in the cell population are inversely related with GATA 220 induction levels, as expected for a molecular mechanism that buffers initial conditions to lead 221 to robust cell fate proportioning. 222
To test coupling range mediated by FGF4, we next sought to identify the spatial extent of 223 FGF4 signaling in our system. We first tested the role of global communication through FGF4 224 ligands by comparing differentiation outcomes at different medium-to-cell ratios during the 225 differentiation step (Fig. 3C ). We reasoned that if FGF4 ligands equilibrated in the medium, Epi-like cells slightly decreased (Fig. 3C ). These results indicate that dilution of FGF4 ligands 231 in the medium does not strongly affect cell fate proportioning, and suggested that local effects 232 might be more relevant. To test this, we disrupted cell-cell contacts by trypsinizing and re-233 seeding cells at different densities immediately after doxycycline induction ( Fig. 3D ). This 234 treatment strongly reduced the proportion of PrE-like cells compared to the non-trypsinized 235 control ( Fig. 3D ). Furthermore, the proportion of PrE-like cells systematically increased with 236 cell density (Fig. 3D ). Together, these data suggest that cell-cell communication via FGF4 237 occurs locally and is positively influenced by cell-cell contacts, in line with the assumptions 238 of our model. 239
To directly measure the spatial range of FGF4 signaling in ESC colonies, we seeded isolated 240
Fgf4 wild type cells that were labelled by a constitutively expressed dsRed marker onto a 241 layer of Fgf4 mutant cells bearing a Spry4H2B-Venus transcriptional reporter allele for FGF 242 signaling (Morgani et al., 2018) . After 12 h, H2B-Venus was strongly expressed in a halo of 243 reporter cells immediately surrounding the Fgf4 wild type cells, but reporter expression 244 dropped precipitously in cells further away from the signal-emitting cells (Fig. 3E ). The 245 spatial decay of the H2B-Venus signal was well-approximated by an exponential fit with a 246 decay length of ~ 11 µm (9.2 -12.4 µm, 95% confidence interval, Fig. 3F ). This is likely an 247 overestimate of the immediate effective range of paracrine FGF4 signaling, as the 248 transcriptional reporter integrates signaling activity over long timescales, during which cell 249 divisions and movement will increase the distance between signal-sending and -receiving 250 cells. Thus, the range of repressive coupling via FGF4 that drives robust Epi/PrE-like cell fate 251 proportioning in ESCs is spatially restricted and acts most efficiently at cell-cell contacts. 252
253

A distribution of cell fates is maintained by intercellular communication 254
A key property of a population-based mechanism for cell differentiation, such as the IHSS, is Although it is possible that these models also show emergent population-level behavior, this 364 has not been explored, neither theoretically nor experimentally. 365
The population-level mechanism for cell differentiation that we describe here both generates 366 and evenly populates discrete cell states. It thus embodies both the tendency of single cells to 367 differentiate towards well-defined identities, as well as the tendency of tissues, organs and 368 organisms to develop towards a reproducible and stereotyped appearance, thereby reuniting 369 two connotations of the term developmental canalization (Ferrell, 2012 
Cell lines 376
Cell lines used in this study were E14tg2a (Hooper et al., 1987) and an Fgf4 mutant Spry4H2B-377
Venus/+ line that we have previously described (Morgani et al., 2018) . dsRed-labelled cells were 378 from an E14tg2a-background and kindly supplied by J Nichols. The Gata6:VNP reporter was 379 established in the background of a line carrying a doxycycline-inducible GATA4-mCherry 380 transgene in the Col1a1 locus as well as a randomly integrated H2B-Cerulean nuclear marker 381 driven by a CAGS promoter described in (Schröter et al., 2015) . 382
E14tg2a-based inducible cell lines were maintained in 2i + LIF medium, which consists of a 383 N2B27 basal medium supplemented with 3 µM CHIR99021 (Tocris), 1µM PD0325901 384 (SelleckChem) and 10 ng/ml LIF (protein expression facility, MPI Dortmund) on fibronectin-385 coated tissue culture plastic. For maintenance of Fgf4 mutant subclones, we supplemented the 386 2i + LIF medium with 10% fetal bovine serum (FBS), as Fgf4 mutant lines showed severely 387 decreased proliferation upon long-term culture in 2i + LIF alone. FBS was removed at least 388 one day before the experiment. 389
Spry4-reporter cell lines to measure signaling range, as well as Gata6-reporter cell lines were 390 maintained on gelatin coated dishes in GMEM-based medium supplemented with 10% fetal 391 bovine serum, sodium pyruvate, 50 µM -mercaptoethanol, glutamax, non-essential amino 392 acids and 10 ng/ml LIF. 1 µM PD0325901 was added to the cultures of Spry4-and Gata6-393 reporters three days before the experiment, to downregulate Spry4 reporter expression, or to 394 capacitate cells for PrE-like differentiation (Schröter et al., 2015) . 395 Mutagenesis of the Fgf4 locus was performed as previously described (Morgani et al., 2018) . 409
Fgf4 loss of function clones were identified by PCR-amplification, cloning and sequencing of 410 a sequence around the Fgf4 start codon. We either selected clones with a targeted mutation 411 delivered by a single-stranded DNA repair template that we have previously shown to disrupt 412 integrated H2B-Cerulean nuclear marker driven by a CAGS promoter described in (Schröter 423 et al., 2015) . Clones were screened for correct integration of the reporter construct by long 424 range PCR spanning the targeting arms. 425
The targeting construct to generate the Spry4H2B-Venus allele in GATA4-mCherry inducible cell 426 lines was based on the one used in (Morgani et al., 2018) , except that the puromycin 427 selectable marker was exchanged for a neomycin cassette. The construct was integrated into 428
ESCs by homologous recombination, and neomycin-resistant clones were expanded and 429 screened for correct integration of the reporter construct by long range PCR spanning the 430 targeting arms. All genetically modified lines were karyotyped using standard procedures 431 
Immunostaining and QIF 435
Immunostaining of adherent cells was performed as previously described (Schröter et al., 436 2015) . Antibodies used were anti-NANOG (e-bioscience, eBioMLC-51, 14-5761-80, final 437 concentration 2.5 µg/ml), anti-GATA6 (R&D AF1700, final concentration 1 µg/ml), and anti-438 washed with PBS and permeabilized for several hours in 70% ethanol at -20ºC. Cells were 450 then washed twice with 2x SSC and equilibrated in probe hybridization buffer for at least 30 451 minutes. Transcript-specific probes were used at a concentration of 4 nM and hybridized 452 overnight. Excess probe was removed through several washes with probe wash buffer and 5x 453 SSCT, and cells were equilibrated in amplification buffer for at least 30 minutes. 454
Fluorescently labeled amplifiers were used at a concentration of 60 nM. Amplification was 455 allowed to proceed for 16 -24 hours at room temperature. Excess amplifier was removed by 456 several washes with 5x SSCT, followed by counterstaining with Hoechst 33342 and mounting 457 in glycerol-based medium. Imaging was performed on an SP8 confocal microscope with a 458 63x (NA1.4) lens. 459 460
Flow cytometry 461
Staining for flow cytometric analysis of intracellular antigens was performed as previously 462 and describe NANOG and GATA6 protein expression levels in cell , regulated by 511 mutual inhibition, while is the secreted FGF4 whose production is downregulated by 512
is the extracellular FGF4 concentration that is sensed 513 by cell from its neighborhood ( ), resulting in downregulation of NANOG production in 514 the cell.
= 2.5, , = 0.5, = 3 and = 3 denote production rate constants, = = 515 = = 2 are the Hill coefficients, degradation rates were set to 1 as = 50 was used as a 516 scaling kinetic parameter. 10000 cells were deployed on a regular 100x100 two-dimensional 517 lattice with no-flux boundary conditions. Cell-cell communication was modeled to be short-518 range, reflecting the experimental wild-type case, i.e. communication between direct 519 neighbors and cells on two hops away on the lattice, as described in (Stanoev et al., 520 accompanying manuscript). When mimicking the Fgf4 mutant case, communication between 521 cells was excluded, and an external input was modeled with = 1.2. 522
The cell populations were initiated analogous to the experimental case (Fig. 2C) intensities in distance bins of 3 µm width. The fluorescence decay length was estimated by 761 fitting a plateau followed by one-phase exponential decay to the data (black line). 762 
